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Abstract
The ability of membrane antigens on sporozoites of the intestinal pathogen, Cryptosporidium parvum, to bind host cell
surface antigens was investigated. A novel membrane-associated protein of approximately 47 kDa, designated CP47, was
found to possess significant binding affinity for the surface of both human and animal ileal cells. This protein was purified by
a combination of anion-exchange chromatography on FPLC and immunoaffinity chromatography. Purified CP47
demonstrated competitive binding with parasite-associated membrane antigens to membranes of HCT-8 and ileal cells in a
dose-dependent manner. Furthermore, the binding activity of CP47 was found to be Mn2-sensitive, and was completely
inhibited in the presence of 10 mM MnCl2. These results were consistent with earlier findings demonstrating the inhibitory
effect of Mn2 ions on Cryptosporidium infection both in vitro and in vivo (Nesterenko et al., Biol. Trace Elem. Res. 56
(1997) 243^253). Immunoelectron microscopy using gold-conjugated antibodies revealed CP47 to be localized at the apical
end of the sporozoites. A single protein with an electrophoretic mobility of 57 kDa was purified from host cell membranes
using CP47-Affigel. Similarly, affinity purification of this protein was abrogated in the presence of Mn2. These data suggest
that a novel parasite protein, CP47, may play an important role in sporozoite/host cell attachment. ß 1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction
Little is known about receptor/ligand interactions
between coccidia and the surface of host cells. Of the
12^15 surface-associated molecules that can generally
be detected using 125I or biotin surface labeling tech-
niques [1^5], one or more of the lower size molecules
appear(s) involved in substrate adhesion and motility
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Abbreviations: BSA, bovine serum albumin; Caco-2, human colonic adenocarcinoma cells (ATCC HTB 37); EDTA, ethylenediami-
netetraacetic acid; FOX, non-secreting mouse myeloma (ATCC CRL 1732); HCT-8, human ileoadenocarcinoma cells (ATCC CCL 244);
FPLC, fast protein liquid chromatography; HRP, horseradish peroxidase; HT-29, human colonic adenocarcinoma cells (ATCC HTB 38);
Mab, monoclonal antibody; MDCK, Madin^Darby canine kidney cells (ATCC CCL 34); PBS, 10 mM phosphate-bu¡ered saline, pH
7.2; PIPES, piperazine-N,NP-bis[2-ethanesulfonic acid]; PMSF, phenylmethylsulfonyl £uoride; PVDF, polyvinylidene di£uoride; SDS-
PAGE, sodium dodecyl sulfate, polyacrylamide gel electrophoresis; SMP, sporozoite membrane-associated protein; TBS, 10 mM Tris-
bu¡ered saline, pH 7.4; TEM, transmission electron microscopy
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[6^9]. These types of interactions appear similar to
that observed for the circumsporozoite protein of
malarial sporozoites [10,11]; however, less is known
about the functions of other surface antigens.
Augustine [12] fractionated proteins from sporo-
zoites of the turkey coccidian, Eimeria adenoeides,
on SDS-PAGE and probed Western blots with ho-
mogenates of primary turkey kidney (PTK) cells.
Rabbit anti-PTK cell antisera reacted with two spor-
ozoite proteins of 23 and 40 kDa. Surface biotinyla-
tion of sporozoites determined that only the 23-kDa
protein was a surface antigen. This was the ¢rst in-
dication that a speci¢c receptor might be involved in
the interaction of a coccidian sporozoite with the
host cell. Later studies showed that laminin, but
not ¢bronectin, bound tachyzoites of Toxoplasma
gondii [13^15]. Laminin enhanced binding of tachy-
zoites to host cells, an e¡ect that could be blocked
using a laminin-derived peptide (cyclic YIGSR)
which inhibits laminin binding to the 32/67-kDa lam-
inin-binding protein on host cells. In addition, Mabs
to speci¢c regions of laminin could be used to block
parasite binding to host cells, which suggested para-
site binding to be mediated through the L1 integrin
receptor K6L1 [14].
Previous studies have shown that the interaction of
C. parvum sporozoites with the host cell to be highly
susceptible to manganese intervention [16]. Both the
binding of puri¢ed SMPs to ¢xed human ileal (HCT-
8) cells, as well as invasion of HCT-8 cells by live
sporozoites, was found to be signi¢cantly inhibited
by this cation. The manganese-induced inhibition ap-
peared to be acting at the level of the host cell, rather
than the parasite. Because these studies suggested the
possibility that a speci¢c surface ligand on sporo-
zoites might be interacting with one or more recep-
tors on the surface of epithelial cells, we sought to
determine the exact nature of this manganese-sensi-
tive interaction.
2. Materials and methods
2.1. Parasites
Oocysts of the KSU-1 isolate were puri¢ed from
the feces of neonatal calves by CsCl gradient centri-
fugation [17]. All procedures were approved by the
Institutional Animal Care and Use Committee. Oo-
cysts used for sporozoite membrane extractions were
surface sterilized with 10% Clorox and further proc-
essed as described [17].
2.2. Tissue culture
Caco-2, FOX, HCT-8, HT-29, and MDCK cells
were cultured in 75 cm2 tissue culture £asks in a
maintenance medium consisting of RPMI 1640 me-
dium supplemented with 10% Opti-MEM (Gibco-
BRL, Grand Island, NY), 2% fetal bovine serum
(FBS; Atlanta Biologicals, Norcross, GA) and
2 mM L-glutamine (Gibco-BRL), as described
[18,19].
2.3. Membrane isolation and solubilization
Following sporozoite excystation, unexcysted oo-
cysts, sporozoites, and oocyst walls were separated
by isopycnic centrifugation using Percoll [20]. Spor-
ozoites were collected and washed twice with PBS to
remove Percoll by centrifugation at 5000Ug for
10 min. The resulting pellet was resuspended in ice-
cold PBS and adjusted to 5.0U108 using a haemacy-
tometer. Sporozoite membranes and SMPs were pu-
ri¢ed as described previously [16,21].
Cell monolayers were scraped from culture £asks,
resuspended in 10 mM Tris-HCl, pH 7.4, containing
0.3 mM phenanthroline, 1 mM PMSF, and 1 Wg/ml
leupeptin and washed 3U by centrifugation at
700Ug in the same bu¡er. Cells were kept on ice
for 30 min and then homogenized using a Te£on-
coated tissue grinder. The homogenate was then cen-
trifuged at 10 000Ug for 30 min and the supernatant
collected and diluted 2U with ice-cold 10 mM Tris-
HCl bu¡er, pH 7.4, containing 1 mM MgCl2, 1 mM
PMSF, and 1 Wg/ml leupeptin. The suspension was
then kept on ice for 60 min and then centrifuged at
100 000Ug for 120 min. The pellet, consisting of a
crude membrane preparation, was collected and
stored at 370‡C until used.
Small intestinal brush-border membranes were pu-
ri¢ed from mice as described [22]. Brie£y, intestinal
tracts were removed from 20, 5-day-old ICR outbred
suckling mice and ¢ve, 5-week-old ICR outbred
mice. The ileum and duodenum from each animal
were individually removed, washed of debris using
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a stream of ice cold PBS, and the mucus/villi re-
moved by scraping the inside of the gut wall with a
razor blade. Scrapings were placed in ice-cold PBS
containing 250 mM sucrose, 1.0 mM PMSF, and
10 mM EDTA. Cells were homogenized for 5 min
in a Te£on-coated tissue grinder and the suspension
centrifuged at 3000Ug for 10 min. The supernatant
was then collected and centrifuged at 22 000Ug for
40 min at 15‡C. The pellet, containing the brush-
border membranes, was washed twice with the su-
crose bu¡er by centrifugation under the same condi-
tions and stored at 370‡C until use.
Membrane preparations from cells and tissue were
also used for extraction of membrane-associated pro-
teins. Brie£y, membranes were resuspended in 10 mM
Tris-HCl bu¡er, pH 7.4, containing 1% Triton
X-100. After incubation at 4‡C for 60 min, the sus-
pensions were centrifuged at 10‡C, 120 000Ug, for
2 h and the supernatants used as a source of mem-
brane proteins.
2.4. Polyclonal antiserum and monoclonal antibodies
Polyclonal antiserum against C. parvum SMPs and
HCT-8 membrane proteins was generated in
Sprague^Dawley outbred rats. Dialyzed membrane
preparations from cells and sporozoites were injected
subcutaneously as described previously [16,21]. A⁄n-
ity puri¢cation of polyclonal antibodies was carried
out on PVDF membranes (Immobilon-P, Millipore,
Volketswl, Swizerland) according to Gershoni and
Palade [23]. Brie£y, FPLC fractions containing
CP47 were separated by SDS-PAGE. The proteins
were electrotransferred to PVDF membranes and vis-
ualized using Ponceau S staining. Membranes with
the 47-kDa protein band were excised and incubated
for 2 h at room temperature with rat antiserum to
SMPs. The bound antibody was eluted from the
membranes by incubation of the ¢lter with 0.1 M
glycine/HCl, pH 2.5, for 5 min and the solution neu-
tralized to pH 7.5 with 1 M Tris solution.
Mabs were made following hyperimmunization of
BALB/c mice with di¡erent SMP fractions collected
following FPLC. Mab-producing hybridoma cells
were then grown either in culture supernatant or as
ascites in pristane primed BALB/c mice as described
[24].
2.5. Puri¢cation of CP47
The SMPs were dialyzed overnight at 8‡C against
10 mM Tris-HCl bu¡er, pH 7.2, containing 0.01%
reduced Triton X-100 and ¢ltered through a 0.2-Wm
nylon membrane. The protein solution was passed
through a PD-10 gel ¢ltration column (Pharmacia
Biotech) equilibrated with 10 mM Tris-HCl bu¡er,
pH 7.2, containing 0.01% reduced Triton X-100
(equilibration bu¡er). The proteins (0.5^1.0 mg)
were applied onto a Mono Q 5/5 HR column (Phar-
macia Biotech) with the equilibration bu¡er. Chro-
matography was performed using a Waters model
626 HPLC system in linear 0^0.5 M NaCl gradient
in equilibration bu¡er with a £ow rate of 0.5 ml/min.
Host cell binding activity was detected in di¡erent
fractions by microplate binding assay using attached
HCT-8 cells (see below). Protein fractions with bind-
ing activity were pooled and desalted on a Centricon-
10 microconcentrator cartridge (Amicon, Beverly,
MA), and used for immunization of BALB/c mice
and synthesis of Mab 5B3 against CP47. Final puri-
¢cation of CP47 was performed using chromatogra-
phy of FPLC fractions on immunosorbent A⁄gel-10
(Bio-Rad) conjugated with Mab 5B3 according to
the manufacturer’s recommendations.
2.6. Biotinylation and 125I surface labeling
Membrane proteins, intact sporozoites, and host
cell surface proteins were labeled either with the
water-soluble modi¢er of primary amino acid
groups, sulfosuccinimidobiotin (Pierce), or with 125I
as described [21,25].
2.7. SDS-PAGE and blotting
Following electrophoresis using a mini-Protean II
apparatus (Bio-Rad), proteins were transferred to ni-
trocellulose or PVDF membranes as described
[26,27]. After electrophoretic transfer, ¢lter sheets
were stained with Ponceau S to visualize protein
bands, then washed with PBS and subjected to im-
munostaining with Mabs or rat polyclonal antibody
against parasite membrane-associated antigens as de-
scribed previously [21]. Biotin-labeled proteins were
detected with streptavidin^HRP conjugate (Pierce)
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according to Nesterenko et al. [25]. Radiolabeled
antigens were detected on X-ray ¢lm following a
10-h exposure of the ¢lter.
2.8. A⁄nity puri¢cation of a 57-kDa HCT-8
membrane protein
Immunopuri¢ed CP47 was immobilized on A⁄gel
A-10 (100 Wg ligand to 0.3 ml sorbent) according to
the manufacturer’s recommendations (Bio-Rad).
Membrane-associated antigens were extracted from
membrane preparations of HCT-8 cells and duodenal
cells of suckling mice as described above and dia-
lyzed overnight at 4‡C against 10 mM Tris-HCl buf-
fer, pH 7.4 (binding bu¡er). Membrane proteins were
mixed with a⁄nity sorbent (0.1 ml resin to 300 Wg of
protein in 1 ml binding bu¡er in the presence or
absence of 10 mM MnCl2) and incubated for 2 h
at 8‡C with gentle shaking. After binding, the a⁄nity
gel was washed extensively by centrifugation with
binding bu¡er containing 0.1 M NaCl until the
OD280 of the supernatant read zero. After washing,
bound proteins were speci¢cally eluted with 0.1 M
glycine-HCl bu¡er, pH 3.0. Washes and eluates were
concentrated to 100 Wl in Centricon-10 cartridges and
subjected to SDS-PAGE and silver staining.
2.9. Binding assays
In order to determine the a⁄nity of sporozite anti-
gens to the host cell surface, we used a microplate
cell-ELISA procedure [16] with slight modi¢cations.
The £at bed, 96-well plates were seeded 24 h prior to
the assays with 5.0U104 HCT-8 cells/well, then gen-
tly washed 2U with PBS and ¢xed with 2% neutral
bu¡ered formalin for 2 h at room temperature After
¢xation, cell layers were washed 5U with PBS and
blocked with 1% BSA in TBS (blocking bu¡er) for
2 h at 37‡C. SMPs and FPLC fractions of parasite
proteins in blocking bu¡er containing 0.01% Triton
X-100 were added to the ¢xed plates and incubated
for 2 h at 37‡C. After extensive washing with TBS,
plates were processed for ELISA using SMP speci¢c
rat antibodies and goat anti-rat secondary antibodies
conjugated to HRP as described [19].
To detect host cell protein binding activity with
the parasite, we used a reverse type of assay. Spor-
ozoites were ¢xed to microplates at a concentration
of 5U107 sporozoites/well in 2% neutral bu¡ered
formalin. After incubation overnight at 8‡C, plates
were washed 5U with TBS and blocked for 2 h at
37‡C with blocking bu¡er. Biotinylated membrane
proteins from di¡erent cell lines were added to wells
in blocking bu¡er containing 0.01% Triton X-100,
and incubated for 2 h at 37‡C. After extensive wash-
ing with TBS, the microplates were processed for
detection of host cell proteins using streptavidin^
HRP conjugate [28].
To identify the parasite molecules that interacted
with the host cell surface, fractions of labeled or un-
labeled SMPs (10 Wg) were mixed with approximately
100 Wg of host cell membranes in 0.5 ml TBS con-
taining 0.001% Triton X-100. In other assays,
5.0U108 host cells ¢xed in 2% formaldehyde for 2 h
at room temperature were used in place of the mem-
branes. After incubation for 30 min at 37‡C, mem-
branes were washed 2U with the same bu¡er and
ultracentrifugation and then were pelleted at
1500Ug for 10 min. The resulting pellets were resus-
pended in 50 Wl of SDS-PAGE sample bu¡er, heated
for 10 min at 70‡C, and subjected to SDS-PAGE
then electroblotted onto nitrocellulose. Sporozoite
proteins which bound and co-precipitated with host
cell membranes were detected on ¢lters using rat
anti-SMP polyclonal antiserum, streptavidin-HRP
conjugate, or by autoradiography (see above).
2.10. Immunoelectron microscopy
Sporozoites puri¢ed by Percoll gradients were
¢xed with 4% paraformaldehyde in 0.1 M PIPES
bu¡er, pH 7.2, for 1 h at 4‡C, dehydrated in
methanol, and embedded at low temperature in
Lowicryl K4M. Sections were recovered onto 200
mesh carbon^Formvar-coated gold grids. Grids
were incubated at room temperature with the rat
polyclonal antiserum to CP47 diluted 1:2 in PBS.
After 2 h, grids were washed 2U and blocked with
2% BSA in PBS. After 1 h, sections were exposed to
goat anti-rat polyclonal antiserum conjugated to
15 nm colloidal gold. After three washings in PBS,
grid sections were stained with uranyl acetate and
examined using a Philips 201 TEM. Control grids
consisted of sections not exposed to the primary anti-
body, but incubated with the colloidal gold conju-
gate.
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3. Results
We initially tested the ability of membranes from
various cell lines to bind intact sporozoites of C.
parvum ¢xed to the bottoms of microtiter wells.
Binding of host cell membranes to ¢xed sporozoites
was found to be closely correlated with the previ-
ously known abilities of each cell line to support
parasite growth (Fig. 1). When binding e⁄ciency of
HCT-8 cells was set at 100%, the relative percent
binding e⁄ciency of surface membranes to sporo-
zoites for each of the cell types was as follows:
HCT-8, 100%; Caco, 65%; MDCK, 60%; and
HT29, 40%. In previous in vitro assays, Upton et
al. [29] found these same cell lines to support parasite
growth in the same order: HCT-8, 100%; Caco,
65%; MDCK, 41%; and HT29, 9%. These studies
suggest that the ability of C. parvum to develop suc-
cessfully in vitro may, in part, be correlated with the
degree by which a sporozoite can bind to the host
cell surface.
In order to identify which antigens of C. parvum
were responsible for binding host cell membranes, we
performed binding assays between SMPs and various
host cell membrane isolates. When unlabeled SMPs
were incubated with HCT-8 cell membranes, only a
single parasite protein with a molecular size of 47
kDa was detected by immunoblotting (Fig. 2A,
lane 2). Fig. 2B reveals an identical band of 47
kDa on PVDF ¢lters when 125I-labeled sporozoite
surface proteins were incubated with membrane pre-
parates from the intestinal tract of suckling mice.
Scrapings from the ileum (Fig. 2B, lane 2), but not
duodenum (Fig. 2B, lane 3) of the mice bound CP47.
Similar results were observed when membranes de-
rived from the ileum and duodenum of a 5-day-old
Fig. 1. Ability of membranes from various cell lines to bind in-
tact sporozoites of Cryptosporidium parvum. Sporozoites were
a⁄xed to the bottoms of microtiter wells (5.0U104 HCT-8
cells/well) using formalin. After washing, various concentrations
of biotinylated host cell membrane proteins were incubated for
2 h at 37‡C with the sporozoites. After washing, the remaining
biotinylated molecules were detected using avidin^HRP conju-
gate (n = 3/data point; error bars represent the standard devia-
tion of the mean).
Fig. 2. Speci¢c binding of sporozoite antigens to host cell mem-
branes. Membrane preparations from HCT-8 cells or 5-day-old
suckling mouse intestinal scrapings were incubated with intact
or labeled SMPs as described in Section 2. Approximately 100
Wg of total SMPs could be successfully puri¢ed from 1U1010
sporozoites. After washing by ultracentrifugation, membranes
with co-precipitating SMPs were subjected to SDS-PAGE and
blotting. (A) Approximately 200 Wg of SMPs were incubated
with 500 Wg of HCT-8 cell membranes. After washing, 20 Wg of
protein were loaded onto each lane and parasite proteins were
detected using a rat polyclonal antiserum to SMPs followed by
a secondary anti-rat antibody conjugated with HRP. Lane 1,
total SMPs; lane 2, SMPs that bound to HCT-8 membranes;
lane 3, negative control where puri¢ed oocyst walls rather than
SMPs were mixed with HCT-8 cell membranes. Two Wg total
protein added to each lane. (B) 125I-labeled sporozoite surface
proteins were incubated with brush-border cell membranes puri-
¢ed from 5-day-old ICR outbred suckling mice using conditions
similar to those for the HCT-8 membranes. Approximately
10 Wg of labeled sporozoite proteins were incubated with 200 Wg
of intestinal cell membranes. Two Wg of protein were loaded
onto each lane and parasite proteins were detected by autora-
diography. Lane 1, total 125I-labeled surface SMPs of C. par-
vum ; lane 2, 125I-labeled SMPs after being incubated and pre-
cipitated with ileal membranes; lane 3, 125I-labeled SMPs after
incubation with duodenal cell membranes. Similar results were
noted when membranes derived from the ileum and duodenum
of a 5-day-old goat were used, but no binding was found when
either the ileum and duodenum of adult mice were used (data
not shown).
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goat were used; however, no binding was detected
when membranes from either the ileum or duodenum
of adult mice were used (data not shown). These
results indicate that the parasite protein CP47 exhib-
ited speci¢city to some membrane component(s) of
ileal host cells both in vitro and in vivo.
Fig. 3A shows an FPLC pro¢le of the separation
of SMPs using a MonoQ 5/5 HR column. The pro-
teins in fraction 1 (), collected at the 18^22% NaCl
gradient and which demonstrated host cell binding
activity, were concentrated in Centricon-10 ¢lters
and used for generation of monoclonal antibodies.
From a panel of di¡erent Mabs, we selected clone
Mab 5B3 which interacted with CP47 present in frac-
tion 1 following Western blotting (Fig. 3B, lane 1).
Mab-producing hybridomas were then grown as as-
cites in pristane primed BALB/c mice and antibodies,
collected from the ascites, used for the synthesis of
immunosorbent. Final puri¢cation of CP47 from
fraction 1 was then performed by immunoa⁄nity
chromatography on Mab 5B3-A⁄gel sorbent (Fig.
3B, lane 4).
Using puri¢ed CP47, we were able to perform a
competitive binding assay with host cells in the pres-
ence of SMPs (Fig. 4). Approximately 2 Wg of bio-
tinylated CP47 was incubated with 5.0U108 ¢xed
HCT-8 cells in 0.5 ml TBS containing 0.01% Triton
X-100. Various concentrations of unlabeled SMPs
were added during incubation of the reaction mix-
Fig. 3. Puri¢cation of CP47 from SMP fraction. (A) Parasite proteins were separated on a MonoQ HR column under conditions de-
scribed in Section 2. Recovery of 10 Wg of CP47 could be achieved using 5U109 oocysts by this procedure. Fraction 1 (), which con-
tained proteins that bound the host cell surface, was collected and used for generation of Mab 5B3. (B) SDS-PAGE and immunoblot-
ting of proteins from fraction 1. Lane 1, immunodetection of CP47 on Western blot using Mab 5B3; lane 2, total preparate of SMPs
prior to FPLC puri¢cation (silver stain); lane 3, proteins in fraction 1 (silver stain); lane 4, CP47 following puri¢cation from fraction
1 using A⁄gel-Mab 5B3 (silver stain).
Fig. 4. Ability of SMPs to e¡ectively compete out binding of
CP47 to host cells. CP47 was puri¢ed by immunoa⁄nity chro-
matography and labeled with biotin. Various concentrations of
unlabeled SMPs and 2 Wg of biotinylated CP47 were suspended
with 5.0U108 formalin-¢xed HCT-8 cells in 0.5 ml PBS con-
taining 0.01% Triton X-100. After incubation, cells were washed
extensively and solubilized with 50 Wl SDS-PAGE sample bu¡er
at 37‡C for 30 min. The suspension was centrifuged and 20 Wl
of supernatant subjected to SDS-PAGE and blotting. Lane 1,
no SMPs added; lane 2, 10 Wg SMPs added; lane 3, 20 Wg
SMPs added; lane 4, 50 Wg SMPs added; lane 5, 100 Wg SMPs
added.
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ture. As can be seen, increasing amounts of SMPs
(Fig. 4, lanes 2^5) competitively inhibited binding of
CP47 with HCT-8 cells. Binding activity of CP47
with host cell membranes was found to be Mn2
sensitive as the presence of 10 mM MnCl2 in the
reaction mixture completely inhibited the interaction
(data not shown).
Immunoelectron microscopy and colloidal gold la-
beling were employed to determine the location of
CP47 in or on sporozoites. As can be seen in Fig.
5, gold particles localized only at the apical end of
sporozoites. Occasionally, particles were found to oc-
cur on the parasite surface, but more typically they
were seen just beneath the pellicle. Although the
rhoptries, dense granules, and micronemes were usu-
ally not labeled, gold particles often occurred along
tracks between subpellicular microtubules and pel-
licle.
In order to identify which host cell antigen was
responsible for binding CP47, we performed a⁄nity
chromatography of HCT-8 cell membrane proteins
using CP47-coupled sorbent. Electrophoretic analysis
revealed a single 57-kDa protein (p57), which specif-
ically eluted from the sorbent (Fig. 6, lane 2). Again,
this binding was found to be Mn2 sensitive and was
completely inhibited from binding to the column in
the presence of 10 mM MnCl2 (Fig. 6, lane 3).
4. Discussion
The data herein documenting the association be-
tween CP47 and p57 represent the ¢rst putative re-
ceptor/ligand interaction discovered for an enteric
coccidian. This interaction, which appears pivotal
for the establishment of C. parvum infections, ex-
Fig. 5. Immunoelectron microscopy/colloidal gold labeling of CP47 localization in sporozoites. Sections of paraformaldehyde ¢xed
sporozoites embedded in L R White resin were incubated at room temperature with a⁄nity puri¢ed rat polyclonal antibodies to CP47
diluted 1:2 in PBS. After 2 h, grids were washed 2U and blocked with 2% BSA in PBS. After 1 h, sections were exposed to goat
anti-rat polyclonal antiserum conjugated to 15 nm colloidal gold. After three washes in PBS and uranyl acetate staining, grids were
examined. Control grids consisted of sections not exposed to the primary antibody, but incubated with the gold conjugate.
Fig. 6. Ligand a⁄nity chromatography of HCT-8 cell proteins
interacting with CP47-A⁄gel sorbent. HCT-8 cell membrane
proteins puri¢ed from con£uent monolayers collected from 12,
225-cm2 culture £asks, were incubated with CP47-A⁄gel in 10
mM Tris-HCl bu¡er, pH 4.7, with or without 10 mM MnCl2.
Speci¢cally bound proteins were eluted from sorbent with 0.1
M Gly-HCl bu¡er, pH 3.0, and subjected to SDS-PAGE fol-
lowed by silver staining. Lane 1, HCT-8 cell membrane pro-
teins; lane 2, eluted HCT-8 cell membrane proteins after incu-
bation with sorbent in the absence of MnCl2 ; Lane 3, eluted
fraction after incubation in the presence of 10 mM MnCl2 ;
lane 4, eluted fraction after incubation of the sorbent with duo-
denal cell membrane proteins puri¢ed from 5-day-old suckling
mouse intestine (negative control) ; lane 5, total fraction of the
duodenal cell membrane proteins applied to column.
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plains several puzzling phenomena previously ob-
served for this parasite. First, these studies help ex-
plain the a⁄nity of this parasite for ileal tissues.
Binding assays suggest that an active form of p57
is expressed at a higher concentration in ileal, rather
than duodenal tissues, implying that the relative con-
centration of speci¢c proteins or glycoproteins along
the intestinal tract may help determine the intensity
of infections in certain regions. This would be espe-
cially true early in the infection, before parasite den-
sity forces colonization and adaption to secondary,
less preferred sites. In time, selection for over-expres-
sion of CP47 or even the use of secondary receptors
might allow other sites to be e¡ectively colonized.
This would explain why immunosuppressed humans
and other animals sometimes develop chronic and
severe infections, not only in the intestinal tract,
but also in respiratory, biliary, and pancreatic tis-
sues. Second, these data help explain the preference
of the parasite for neonates over adult animals. Only
low amounts of p57 were detected in the ileal region
of adult mice, suggesting that a developmentally ex-
pressed antigen may be involved. Adult animals most
likely express very low amounts of this or similar
antigens, which would allow only low level infections
in these animals. The sole exception appears to be
humans, a species which can be acutely infected at
any age if naive, and which may constitutively ex-
press these or similar antigens throughout their lives.
Third, the data help explain why some animals be-
come more heavily infected than others. Di¡erential
expression of antigen within members of the popula-
tion may play a role in individual susceptibility to
infection.
The discovery of the CP47/p57 interaction also has
important implications for future therapeutic and an-
imal studies in cryptosporidiosis. The data suggest
that most adult animals may be refractory to acute
infections simply because of p57, a developmentally
regulated antigen, whose gene may become down-
regulated during maturation. If so, it should be pos-
sible to develop strains of rodents that consistently
express high levels of p57 as adults. These types of
rodent models should then be useful for studying
physiologic, therapeutic and immunological aspects
of the disease in vivo. Mabs to the binding site(s)
of CP47, or degenerate forms of this protein, might
be used to competitively inhibit parasite invasion and
help reduce parasite burden.
Acknowledgements
This study was supported by funds provided by
GelTex Pharmaceuticals, Waltham, MA. This is
Kansas Agricultural Experiment Station Contribu-
tion 99-285-J.
References
[1] M.C. Jenkins, J.B. Dame, Identi¢cation of immunodomi-
nant surface antigens of Eimeria acervulina sporozoites and
merozoites, Mol. Biochem. Parasitol. 25 (1987) 155^164.
[2] M. Tilley, S.J. Upton, Electrophoretic characterization of
Cryptosporidium parvum (KSU-1 isolate) (Apicomplexa:
Cryptosporidiidae), Can. J. Zool. 68 (1990) 1513^1519.
[3] M. Tilley, S.J. Upton, Identi¢cation of sporozoite surface
proteins and antigens of Eimeria nieschulzi (Apicomplexa),
J. Protozool. 37 (1990) 86^90.
[4] M.H. Wisher, Identi¢cation of the sporozoite antigens of
Eimeria tenella, Mol. Biochem. Parasitol 21 (1986) 7^15.
[5] M.H. Wisher, M.E. Rose, Eimeria tenella sporozoites: the
method of excystation a¡ects the surface membrane proteins,
Parasitology 95 (1987) 479^489.
[6] M.J. Arrowood, C.R. Sterling, M.C. Healey, Immuno£uor-
escent microscopical visualization of trails left by gliding
Cryptosporidium parvum sporozoites, J. Parasitol. 77 (1991)
315^317.
[7] R. Entzeroth, G. Zgrzebski, J.-F. Dubremetz, Secretion of
trails during gliding motility of Eimeria nieschulzi (Apicom-
plexa, Coccidia) sporozoites visualized by a monoclonal anti-
body and immuno-gold silver enhancement, Parasitol. Res.
76 (1989) 174^175.
[8] J. Gut, R.G. Nelson, Cryptosporidium parvum sporozoites
deposit trails of 11A5 antigen during gliding locomotion
and shed aaA5 antigen during invasion of MDCK cells in
vitro, J. Euk. Microbiol. 41 (1994) 42s.
[9] M. Tilley, S.J. Upton, Both CP15 and CP25 are left as trails
behind gliding sporozoites of Cryptosporidium parvum (Api-
complexa), FEMS Microbiol. Lett. 120 (1994) 275^278.
[10] M.J. Stewart, J.P. Vanderberg, Malarial sporozoites leave
behind trails of circumsporozoite protein during gliding mo-
tility, J. Protozool. 35 (1988) 389^393.
[11] M.J. Stewart, J.P. Vanderberg, Malaria sporozoites release
circumsporozoite protein from their apical end and translo-
cate it along their surface, J. Protozool. 38 (1991) 411^421.
[12] P.C. Augustine, Molecular interactions of cultured turkey
kidney cells with speci¢c antigens of Eimeria adenoeides
sporozoites, Proc. Soc. Exp. Biol. Med. 191 (1989) 30^36.
BBADIS 61840 11-6-99
M.V. Nesterenko et al. / Biochimica et Biophysica Acta 1454 (1999) 165^173172
[13] G.C. Furtado, Y. Cao, K.A. Joiner, Laminin on Toxoplasma
gondii mediates parasite binding to the L1 integrin receptor
K6L1 on human foreskin ¢broblasts and Chinese hamster
ovary cells, Infect. Immun. 60 (1992) 4925^4931.
[14] G.C. Furtado, M. Slowik, H.K. Kleinman, K.A. Joiner,
Laminin enhances binding of Toxoplasma gondii tachyzoites
to J774 murine macrophage cells, Infect. Immun. 60 (1992)
2337^2342.
[15] K. Joiner, Cell attachment and entry by Toxoplasma gondii,
Behring Inst. Mitt. 88 (1991) 20^26.
[16] M.V. Nesterenko, K.M. Woods, S.J. Upton, E¡ects of man-
ganese salts on the AIDS-related pathogen, Cryptosporidium
parvum in vitro and in vivo, Biol. Trace Elem. Res. 56 (1997)
243^253.
[17] S.J. Upton, In vitro cultivation, in: R. Fayer (Ed.), Crypto-
sporidium and Cryptosporidiosis, CRC Press, Boca Raton,
FL, 1997, pp. 181^207.
[18] K.M. Woods, M.V. Nesterenko, S.J. Upton, Development
of a microtitre ELISA to quantify development of Crypto-
sporidium parvum in vitro, FEMS Microbiol. Lett. 128 (1995)
89^93.
[19] K.M. Woods, M.V. Nesterenko, S.J. Upton, E⁄cacy of 101
antimicrobials and other agents on the development of Cryp-
tosporidium parvum in vitro, Ann. Trop. Med. Parasitol. 90
(1996) 603^615.
[20] M.V. Nesterenko, S.J. Upton, A rapid microcentrifuge pro-
cedure for puri¢cation of Cryptosporidium sporozoites,
J. Microbiol. Methods 25 (1996) 87^89.
[21] M.V. Nesterenko, M. Tilley, S.J. Upton, A metallo-depend-
ent cysteine proteinase of Cryptosporidium parvum associated
with the surface of sporozoites, Microbios 83 (1995) 77^88.
[22] V. Scalera, C. Storelli, C. Storelli-Joss, W. Haase, H. Murer,
A simple and fast method for the isolation of basolateral
plasma membranes from rat small-intestinal epithelial cells,
Biochem. J. 186 (1980) 177^181.
[23] J.M. Gershoni, G.E. Palade, Protein blotting: principles and
applications, Anal. Biochem. 131 (1983) 1^5.
[24] E. Harlow, D. Lane, Antibodies. A Laboratory Manual.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
NY, 1988, 726 pp.
[25] M.V. Nesterenko, K.M. Woods, S.J. Upton, E¡ective non-
radioactive method of surface labeling Cryptosporidium par-
vum sporozoites, Acta Trop. 65 (1997) 53^57.
[26] U.K. Laemmli, Cleavage of structural proteins during the
assembly of the head of bacteriophage T4, Nature 227
(1970) 680^685.
[27] H. Towbin, T. Staehelin, J. Gordon, Electrophoretic transfer
of proteins from polyacrylamide gels to nitrocellulose sheets :
procedure and some applications, Proc. Natl. Acad. Sci.
USA 76 (1979) 4350^4354.
[28] P. Tijssen, Practice and theory of enzyme immunoassays, in:
R.H. Burdon, P.H. van Knippenberg (Eds.), Laboratory
Techniques in Biochemistry and Molecular Biology, Vol.
15, Elsevier, Amsterdam, 1985, pp. 336^338.
[29] S.J. Upton, M. Tilley, D.B. Brillhart, Comparative develop-
ment of Cryptosporidium parvum (Apicomplexa) in 11 con-
tinuous host cell lines, FEMS Microbiol. Lett. 118 (1994)
233^236.
BBADIS 61840 11-6-99
M.V. Nesterenko et al. / Biochimica et Biophysica Acta 1454 (1999) 165^173 173
